Avoiding recurrent injury in sports-related concussion (SRC) requires understanding the neural mechanisms involved during the time of recovery after injury. The decision for return-to-play is one of the most difficult responsibilities facing the physician, and so far this decision has been primarily based on neurological examination, symptom checklists, and neuropsychological (NP) testing. Functional magnetic resonance imaging (fMRI) may be an additional, more objective tool to assess the severity and recovery of function after concussion. The purpose of this study was to define neural correlates of SRC during the 2 months following injury in varsity contact sport athletes who suffered a SRC.
Introduction
The Centers for Disease Control and Prevention estimate that 300,000 sports-related concussions (SRC) occur annually in the United States of America (USA). 1 The study included only concussions for individuals who sustained loss of consciousness (LOC),
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athletes who sustain a concussion, alteration of physiological brain measures persist.
For example, magnetic resonance spectroscopy studies (MRS) have demonstrated neurometabolic alterations lasting up to one-month post injury. 7, 8, 9 Structural changes due to repetitive concussive head impacts have been reported in ice hockey players over the course of a single season, 10 in athletes with prolonged symptoms, 11 as well as in adolescents exhibiting close to normal SCAT 2 scores at ≤ 2 months postinjury. 12 One methodology for evaluating the neural consequences of mild traumatic brain injury (mTBI) is Blood Oxygenation Level Dependent (BOLD) functional magnetic resonance imaging (fMRI), which allows non-invasive evaluation of brain activity based on hemodynamic response to task demands 13, 14, 15 The imaging contrast in fMRI results from the higher ratio of oxy-to deoxyhemoglobin in local draining veins that accompanies neuronal activation, which in turn changes local magnetic susceptibility due to properties of hemoglobin. 16, 13 fMRI can reveal brain pathology, often enjoying more power than standard clinical measures. 17, 18, 19 This makes fMRI an attractive marker for recovery of function after mTBI. fMRI can also be repeated safely, allowing successive measurements. 20, 21 7 revealed significantly increased activity in lateral frontal, superior and inferior parietal, and bilateral cerebellar regions within the week following injury. No significant differences in NP test performance were reported between pre-injury and one week post-injury conditions. Similarly, larger cluster sizes in the parietal cortex and right DLPFC and significantly larger BOLD signal percent change in the right hippocampus were identified in concussed athletes as they performed a spatial memory navigation task in a virtual environment. 23 On the other hand, fewer task-related activations in mTBI athletes with persistent symptoms were found as compared to normal controls, when they performed a verbal memory task at one month after injury. In particular, working memory task-related BOLD signal changes were significantly decreased in the DLPFC in all concussed athletes with persistent symptoms. 24 A subsequent study 25 reported increased activation peaks in the left temporal lobe in response to a verbal memory task when comparing concussed athletes suffering persistent symptoms (at one month post injury) with normal elite athletes; this is in addition to decreased activity in the prefrontal areas.
The present study investigates the neural correlates of functional recovery after SRC during the two months following injury in male and female varsity level collegiate athletes.
Specifically, we track changes of cortical activation at two days, two weeks and two months post injury in contact sports athletes who had sustained a concussion without LOC. The first time point (2 days post injury) was chosen to assess brain function during the acute phase of concussive injury. Whereas neurometabolic changes during the first to resolve (cognitive function returning to normal). 6 The third time point (2 months post injury) provided the opportunity to track patterns of recovery in subjects whose brain activation continued to be atypical at 2 weeks (as compared to normal control subjects) and whose NP test results had not returned to baseline at 2 weeks post injury.
Based on the studies discussed previously (suggesting alterations in DLPFC, parietal and temporal areas), we designed a working memory task inspired by Hockey et al., 26 that allows assessment of the fronto-parietal network during the two months after injury.
We asked whether atypical brain activation in response to memory load persisted after individuals with SRC were symptom free and tested neuropsychologically within normal range. Our results provide information about the appropriate timing of return to play, and substantiate the idea that fMRI is a useful tool for the assessment and management of concussion.
Materials and Methods

Subjects
Participants in this study included 15 varsity level college students who sustained a SRC (12 male, 3 female; mean age 19.8, SD 0.94 years). All 15 athletes were diagnosed by University Athletic Medicine personnel using the third International Consensus
Conference definition. 27 History of concussion was obtained through self-report. It should be noted, that it is difficult to evaluate number of prior concussions objectively in contact sport athletes, given the limitations and subjectivity of self-report. On this basis eight subjects had no prior history of concussion. Five subjects had sustained one prior concussion, one subject had two and the remaining subject had sustained three prior upper or lower case, appearing at one of the four compass points; see Figure 1 . For 1-back, subjects were asked to press a button on a button box when successive images were identical (ignoring case). The 2-back task was the same except that matching images had to be separated by one non-matching image; for 3-back the matching images had to be separated by 2 non-matching images. Note that matches required that the corresponding letters appear at the same compass point. See Figure 1 for illustration. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
the scanner pulse trigger. Before triggering the start of the run acquisition, additional hidden dummy volumes (3 TRs) were acquired by the scanner for magnetic stabilization.
A total of three such runs comprised one fMRI imaging session. The n-back trials were programmed in a MATLAB (Mathworks, Natick, USA) environment using Psychophysics Toolbox extensions. 40, 41, 42 To This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. . Noise in the fMRI dataset was computed from the 'First Level' residuals of the GLM. AFNI subroutines 3dFWHMx and 3dClustSim were used to compute cluster size thresholds to address the issue of multiple comparisons correction. For this dataset, the cluster size threshold was 31 voxels (in fMRI resolution) with a corresponding P value threshold of 0.005 for an alpha correction of 0.01. In this paper, we report results of the between group 2-1 contrast.
Amplitude of Low Frequency Fluctuation (ALFF) was chosen as a measure of resting state neuronal activity. 46, 47, 48 Whole brain ALFF was computed using the acquired resting state data, via AFNI and FSL 4.1.9 functions with a script adapted from www.nitrc.org/projects/fcon_1000. The T1 weighted MPRAGE volume served as the anatomical reference for each subject. The FWHM was set to 6 mm, the frequency band This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
of interest was selected to range from 0.01 to 0.1 Hz and the standard space was the 3 mm, MNI 152 T1 volume matching the spatial resolution of the resting scan data.
Results
Behavioral data
Each subject (concussed and control) was scored on the three n-back tasks via the accuracy statistic: number of correct detections (hits) minus number of incorrect responses (false alarms). The mean accuracy for each group at each of the three time points on each of the three n-back tasks is presented in Table 2 . T-tests revealed no significant differences between the two groups (concussed versus control) at any of the three time points with respect to any of the three n-back tasks.
<< please insert Table 2 about here >> For each group individually, 3-back was more difficult than 2-back, which was more difficult than 1-back (all comparisons by paired t-test, p < .05 in all cases). These results suggest that concussed and control subjects were comparably challenged by the n-back paradigm. Of the 15 concussed subjects, all but two tested in the normal range on the ImPACT and paper/pencil tasks by the date of their second scanning session, or a few days later. See the sixth column in Table 1 . This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Imaging
For the imaging analysis, in each group we computed for each voxel the difference in beta values in response to the 2-back minus 1-back tasks (using the latter as baseline).
We did not employ 3-back for this purpose because of its relatively low performance scores and high variability in both groups. We identified all brain areas that manifested significant between group differences in each of the three sessions for the 2-back minus 1-back contrast (3dClustSim corrected   0.01). In every one of these areas, concussed subjects demonstrated significantly increased activity as compared to their age and gender matched controls.
Turning to activation contrasts in particular sessions, concussed subjects demonstrated significantly higher activation in 11 clusters in session 1, as compared to only six clusters in session two and session three; see Table 3 . Thus, when performing a working memory task at a comparable level of performance to normal controls, concussed subjects significantly increased their activation in a greater number of brain areas immediately after injury as compared to two weeks and two months post injury. The areas showing group differences in activation for all three sessions were limited to left and right prefrontal areas (BA46, extending into BA10 in the left hemisphere). Restricting attention to just sessions one and two, there were significant group differences in the left inferior parietal (supramarginal) gyrus (BA40) as well ( Figure 2 ). These findings suggest that concussed subjects demonstrated persistent significantly increased activation not only in the first phase of recovery, but also at two weeks and two months post injury.
<< please insert Table 3 This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
In order to study individual differences we proceeded as follows. We computed the average percent signal change of the voxels in a given subject's brain that were mapped to the left BA46/BA10 cluster that was revealed by the between group contrast (thresholded at   0.01, corrected). Figure 3 shows the trajectory of these averages for each concussed subject over the three sessions; the median value of the corresponding averages for control subjects is shown as well. The figure reveals the variability in recovery for concussed subjects along with a suggestion of overall nonlinearity (increased hyperactivity from session one to two followed by decline). Group differences, however, were swamped by the variability in activation from session one to three; indeed, there was no main effect of session number for any of the neural areas revealed by the 2-back minus 1-back contrast.
<< please insert Figure 3 about here >>
It is important to note that by two weeks from injury or shortly thereafter most athletes were symptom free and tested neuropsychologically within normal range. Most subjects returned to play between 9 and 31 days after injury, with the exception of four subjects who did not return to play either because the season ended too soon or because the subject decided not to resume the sport.
To test whether altered resting state activity might contribute to the observed persistent increased activity in the concussed as compared to the normal control group, we assessed mean ALFF values in bilateral DLPFC. The session-specific left BA 46 mask This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
from the 2-1 between group contrast, served as the primary ROI for between-group comparisons. The mask was mirrored for each session to create a BA 46 mask for the right hemisphere. The mean ALFF values were examined for both left and right BA 46 masks for each session. Pooled t-tests were used to investigate between group differences of the left minus right BA 46 as well as between group differences for each hemisphere separately, using the mean ALFF measures for each session.
None of these t-tests produced significant results. That is, we found no between-group differences in resting state in the comparison between left and right BA 46; likewise, no differences in mean ALFF reached significance in tests within each hemisphere in any session. These negative results suggest that altered resting state activity does not drive the persistent BOLD signal differences identified in the DLPFC between concussed and normal groups. Rather, it appears that the increased BOLD signal identified in the whole brain analysis for the 2-1 n-back contrast in the concussed participants can be attributed to a task-specific response to working memory load.
Page 17 of 46
Journal of Neurotrauma This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Discussion
The present study examined brain activation, clinical symptoms and cognitive function based on NP testing in a sample of concussed varsity athletes within two days of injury, then at two weeks and two months later. Previous fMRI experiments have typically investigated changes in brain activation at just one time point, either during the first weeks after injury 49 or at a later stage of recovery. 24, 25 Exceptions include a study, 22 in which concussed athletes who had previously participated in a baseline scan were scanned again within one week after injury and an another experiment 50 in which concussed athletes were scanned at one week after injury and at full clinical recovery.
To our knowledge, no previous study has compared brain activation between normal and concussed brains at three temporal landmarks following injury.
Compared to normal control subjects, in response to a verbal/spatial working memory task (n-back), our concussed subjects manifested significantly higher activity in left and right DLPFC (persisting up to two months) and in the left inferior parietal area (persisting up to two weeks post-injury). In contrast, the concussed subjects performed the working memory task at a level of performance that is comparable to normal controls.
Concussed subjects also demonstrated abnormally high activation in brain regions beyond DLPFC and inferior parietal area. The number of hyperactive brain regions was greater in the days following injury than at two weeks and two months.
In scanning sessions one and two, the largest clusters of activation demonstrating significant between group differences were located in the left fronto-parietal network, with hyper-activation persisting bilaterally in the DLPFC through session three. The hyper-active regions we observed in concussed subjects are typically activated in the normal population only for high load conditions in the n-back task. 51, 52 The hyper-activation in bilateral DLPFC and inferior parietal areas is in close agreement with the results of previous working memory fMRI studies in athletes with SRC. 22, 49, 50 It also corresponds to findings involving mTBI subjects with a GCS score of 13-15. 21 It should be mentioned, however, that significantly decreased BOLD signal (hypoactivation) were reported in the DLPFC when athletes, diagnosed with post concussive syndrome, performed a working memory task. 24, 25 These opposite findings are likely due to methodological differences between the two studies. The studies differed in the choice of working memory tasks, timing of fMRI scan (the average was 4 -5 months after injury), and history of multiple concussions. 24, 25 Moreover, the subjects 24 exhibited prolonged symptoms for several months after injury whereas in our sample only 1 subject was symptomatic beyond two months.
Beyond SRC, the majority of imaging studies on working memory report differences in brain activation (increased activation in prefrontal regions and elsewhere) when comparing healthy controls to clinical populations with severe TBI or other neurological disorders. 53, 54, 55, 56 In cases of mild brain dysfunction, where performance on the working memory task may not differ between the experimental and control groups, additional recruitment of neural resources has usually been interpreted as neural compensation in the face of cognitive deficits. 21, 53, 57, 58 This hypothesis posits transient alteration of brain function to support task performance without permanent alteration of the underlying brain structure.
Neural compensation may be contrasted with the hypothesis of brain reorganization This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
which assumes that additional DLPFC recruitment reflects structural alteration and changes in functional networks associated with working memory. 54, 59, 60, 61 Consistent with neural reorganization, DTI studies provide preliminary evidence of alteration in white matter fiber tracts in individuals with SRC. These studies involved athletes with prolonged symptoms, 11 among college varsity football players, 62 and male ice hockey players. 10 The latter study was prospective, assessing brain structure in players in a preand post season DTI scan. 10 Yet another interpretation has been articulated, termed latent support hypothesis.
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According to this idea, the hyper-activation of the prefrontal cortex observed in mTBI is representative of the engagement of additional cognitive and attentional resources in order to meet the task demands in a challenged neural system. 64, 65 Neither structural alteration nor bolstering cognitive functioning is posited. Instead, the latent support hypothesis 63 suggests that the hyper-activation of the prefrontal cortex and (depending on the task demands) in the inferior parietal areas 26, 51, 56, 66 is due to increased cognitive and attention control similar to what is observed in load manipulations with healthy controls. 51, 52, 67 Returning to the data presented here, the fact that no between group differences in BOLD signal were found in bilateral DLPFC cortex during resting state suggests that hyper-activation of the DLPFC is task driven. In turn, this discourages the thesis of structural brain reorganization, consistent instead with either neural compensation or latent support. Obviously, the relative merits of the foregoing hypotheses (specifically, the extent of structural brain reorganization following concussion) can only be resolved through future longitudinal studies based on both fMRI and DTI. Special attention should be devoted to possible structural alterations in the deep white matter. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
In the present study, the marked variability in individual athlete's pattern of change in brain activation was unexpected, and its cause remains unclear. Still, most subjects demonstrated a nonlinear, altered pattern of brain activation as compared to their normal controls with a trend towards increased hyper-activity in the DLPFC at two weeks followed by a decline towards 2 months post injury. In contrast, with one exception, all concussed athletes tested neuropsychologically within normal range between two to three weeks after injury. Ten subjects returned to play between two to three weeks and one subject returned to play at one month after injury. For three of the remaining four subjects the season ended prior to being allowed to return to play. The remaining subject decided to discontinue her sport due to prolonged symptoms. The persistence of brain hyper-activation despite the fact that the athletes have returned to the normal range in NP testing (and often resumed play), raises the concern that athletes might be exposed to further concussive (and sub-concussive) shocks before the brain is fully recovered.
The discrepancy between normal NP test results at two weeks and hyperactivation in the DLPFC up to two month after injury might be explained by lack of sensitivity of the This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
that repetitive injury might result in neurodegenerative changes later in life. 68, 69 Given the millions of amateur and professional athletes, as well as military personnel, who are exposed to repetitive concussions, it seems imperative to further elucidate when and if concussion-induced changes in brain activation might remit.
In conclusion, the longitudinal nature of this study advances our understanding of the neural correlates of sports-related concussion by demonstrating alteration of brain This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. Mean accuracy (hits minus false alarms) for controls and concussed subjects during 1-back, 2-back, and 3-back tasks. Standard deviations are in parentheses. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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